DNA microarrays were used to survey the adaptive genetic responses of Borrelia burgdorferi (Bb) B31, the Lyme disease spirochete, when grown under conditions analogous to those found in unfed ticks (UTs), fed ticks (FTs), or during mammalian host adaptation (Bb in dialysis membrane chambers implanted in rats). Microarrays contained 95.4% of the predicted B31 genes, 150 (8.6%) of which were differentially regulated (changes of >1.8-fold) among the three growth conditions. A substantial proportion (46%) of the differentially regulated genes encoded proteins with predicted export signals (29% from predicted lipoproteins), emphasizing the importance to Bb of modulating its extracellular proteome. For B31 cultivated at the more restrictive UT condition, microarray data provided evidence of a bacterial stringent response and factors that restrict cell division. A large proportion of genes were responsive to the FT growth condition, wherein increased temperature and reduced pH were prominent environmental parameters. A surprising theme, supported by cluster analysis, was that many of the gene expression changes induced during the FT growth condition were transient and largely tempered as B31 adapted to the mammalian host, suggesting that once Bb gains entry and adapts to mammalian tissues, fewer differentially regulated genes are exploited. It therefore would seem that although widely dissimilar, the UT and dialysis membrane chamber growth conditions promote more static patterns of gene expression in Bb. The microarray data thus provide a basis for formulating new testable hypotheses regarding the life cycle of Bb and attaining a more complete understanding of many aspects of Bb's complex parasitic strategies.
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B
orrelia burgdorferi (Bb), the etiological agent of Lyme disease (Lyme borreliosis), subsists within a complex enzootic life cycle that involves arthropod (Ixodes ticks) and mammalian (rodent) hosts (1) . As Bb transitions between its two niches, dramatic physiological adaptations occur such as the reciprocal down-regulation of outer surface (lipo)protein (Osp)A and the up-regulation of OspC (2) (3) (4) (5) (6) . However, the paucibacillary nature of Bb in both hosts has hampered a more thorough examination of the spirochete's differential gene expression profiles. To survey more broadly Bb's adaptive tendencies, various in vitro model systems have been used to mimic certain environmental cues. For example, elevated temperature, reduced pH, and an increase in Bb cell density, conditions that ostensibly mimic those during tick engorgement, have been shown to induce the reciprocal down-regulation of OspA, P22, Lp6.6 (group II proteins) and up-regulation of OspC, decorinbinding protein A (DbpA), OspF, Mlp-8, and the alternative factor RpoS (group I proteins; ref. 7) . Recently, a novel regulatory pathway involving the control of RpoS by another alternative factor, RpoN, has been strongly implicated in the adaptive changes to these interdependent environmental factors (8) . A model system also has been developed in which Bb is cultivated in dialysis membrane chambers (DMCs) implanted into rat peritoneal cavities to obtain spirochetes in a mammalian host-adapted state (9) . However, studies on Bb differential expression under this or other growth conditions thus far have been practically restricted to examinations of only relatively few proteins at any given time.
A more complete analysis of the adaptive responses occurring during Bb's life cycle will be invaluable for understanding many aspects of the spirochete's transmission, virulence expression, and immune evasion and for the potential identification of new Lyme disease vaccine candidates. To this end, DNA microarrays (10) are being applied now to survey globally the adaptive gene responses of pathogenic bacteria (11) (12) (13) . The application of microarrays for analysis of the Bb transcriptome is now feasible because of the availability of complete genomic sequence information (14, 15) . In this study, we demonstrate the utility of applying DNA microarrays for the global analysis of gene expression patterns in Bb.
Materials and Methods
Bb and Growth Conditions. The low-passage B31 strain of Bb (B31) used for genome sequencing (14, 15) was obtained (MedImmune, Gaithersburg, MD), and virulence was confirmed by intradermal injection of 1 ϫ 10 3 borreliae in C3H͞HeJ mice (16) . Spirochetes from not more than three in vitro serial passages were cultivated at 37°C to the mid-logarithmic phase (Ϸ5 ϫ 10 6 B31 per ml) in complete Barbour-Stoenner-Kelly (BSK-H) medium (Sigma; ref. 17) . For in vitro cultivation, the initial culture was diluted to 1 ϫ 10 3 B31 per ml in either BSK-H medium held at 23°C and adjusted to pH 7.5 or in BSK-H medium prewarmed to 37°C and adjusted to pH 6.8 (7) . Spirochetes from two independent cultivations at each growth condition were harvested at the late-logarithmic phase of growth (Ϸ2 ϫ 10 7 B31 per ml) for protein evaluation (Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org) and for total RNA extraction. To obtain Bb in a mammalian host-adapted state, spirochetes were diluted (as described above) in BSK-H medium and cultivated for 14 days in DMCs (9, 18) Table 1 , which is published as supporting information on the PNAS web site) were used to prime first-strand cDNA synthesis from DNA-free RNA samples; RT was performed as described (Supporting Materials and Methods) without the inclusion of Cy dye. The cDNA samples were diluted to 8.0, 0.8, and 0.08 ng͞l. Duplicate quantitative PCR assays were performed on 5 l of each cDNA dilution using the SYBR Green Master mix with an ABI 5700 sequence detection system according to the manufacturer's protocol (Applied Biosystems); the gene-specific primers (Table  2 , which is published as supporting information on the PNAS web site) were designed by using PRIMEREXPRESS software (Applied Biosystems). The relative quantitation method (⌬⌬C T ) was used to evaluate quantitative variation between the three Bb growth conditions relative to each gene examined. The amplicon of 16S rRNA was used as an internal control and normalizer for all data.
Results and Discussion

B31 Growth Conditions for Comparative Transcriptional Analyses.
Different B31 growth conditions were used to evaluate transcriptional differences representative of three major stages in the life cycle of Bb. Currently it is infeasible to obtain sufficient quantities of Bb from ticks for global gene expression studies. Thus, to imitate the unfed-tick (UT) condition, spirochetes were cultivated in BSK-H medium (pH 7.5) at 23°C (18, 21) ; under this condition, Bb replicates inefficiently, has altered (elongated) morphology, and achieves only modest cell densities (data not shown). To mimic the fed-tick (FT) condition, Bb was cultivated at 37°C to the late-logarithmic phase in BSK-H medium adjusted to pH 6.8 (18) ; at the end of cultivation, the pH of the medium was unchanged. Finally, mammalian infection by Bb represents a paucibacillary condition, under which only very limited numbers of spirochetes are in tissues. Thus, DMCs implanted into rat peritoneal cavities were used to obtain sufficient mRNA from Bb in a mammalian host-adapted state (9, 18) .
Knowledge of the OspA͞OspC paradigm was exploited to validate that the RNA used in microarray analysis was derived from spirochetes suitably ''adapted'' to the various growth conditions. B31 cultured under UT conditions showed a high level of OspA expression and a very low expression of OspC as reported (ref. 7; Fig. 1 A and B) . As expected, FT spirochetes showed decreased levels of OspA and markedly elevated levels of OspC (7) . Finally, B31 cultivated in DMCs virtually lacked OspA but expressed high levels of OspC, which is consistent with previous studies (9) . These protein profiles suggested that each of the Bb populations used as a source of mRNA for microarray analysis was adapted suitably.
Use of GDPs for cDNA Labeling. GDPs (22) were selected for the synthesis of Cy3-labeled cDNA, because they increase both the specificity and sensitivity of priming for a targeted mRNA population. To evaluate the use of GDPs for B31, a set of GDPs (Table 1) was constructed based on genome information (14, 15) and used to compare its cDNA labeling efficiency with that of the more conventional hexamer random-priming method. In an analysis of Ϸ3,400 features, cDNA labeling efficiencies between the two methods were substantially equivalent (Fig. 2) . A majority of features (54.2%) hybridizing with GDP-derived cDNA displayed higher Cy3͞Cy5 intensity ratios with an overall average log Cy3͞Cy5 ratio being 2-fold higher than for randomprimed cDNA. Based on these results, all subsequent experiments used GDPs. 
Global Gene Expression
Profiling. An evaluation of mRNA expression profiles of Bb cultivated under the UT, FT, and DMC conditions was conducted. Although mRNA changes as low as 1.5-fold may have biological relevance (23) , the more stringent threshold of 1.8-fold used herein was derived statistically and thus believed to provide a conservative foundation for all interpretations. Using pairwise analysis among the three B31 growth conditions, globally, 8.6% (150) of Bb's genes were differentially expressed between the three conditions tested (Tables 3-5 , which are published as supporting information on the PNAS web site). Of these 150 genes, the majority were differentially regulated by at least 3-fold (Fig. 3) . When Bb was cultivated under FT conditions, 79 genes (4.5% of the genome) were up-regulated, whereas 15 genes (0.86% of the genome) were down-regulated (relative to UT spirochetes; Fig. 3 I) . In contrast, B31 cultivated in DMCs up-regulated only 6 genes (vlsE, vlsE1, and four hypothetical genes) and down-regulated 60 genes (relative to the FT condition; Fig. 3 II) , 30 of which had been up-regulated during the FT condition (Fig. 3 I) . The sharp contrast between the number of genes up-regulated during the FT condition (Fig. 3 I) but down-regulated in DMC spirochetes (Fig. 3 II) would lend support to the idea that such differences are a reflection of Bb subsisting in the two very diverse niches. However, after further inspection of the gene expression profiles between B31 cultured under the UT and DMC conditions, DMC-cultured B31 showed an up-regulation of 19 genes and down-regulation of 38 genes (Fig. 3 III) . From this comparison and an evaluation of hierarchical cluster analysis (Fig. 7 , which is published as supporting information on the PNAS web site), it was surprising to find that despite dramatic changes in gene expression occurring between the UT͞FT (Fig. 3 I) and FT͞ DMC (Fig. 3 II) conditions, growth in the mammalian environment (DMCs) ultimately returns Bb to a more homeostatic phase (i.e., more akin to the UT condition) (Fig. 3 III) .
Concordance Between Microarray and Real-Time RT-PCR Data. Realtime quantitative RT-PCR was used to corroborate selected values from microarrays. Among expression levels compared were those for ospA, ospC, dbpA, flaB, and 13 other randomly selected genes (Table 2) for which specific PCR primers could be designed. For all three Bb growth conditions (51 comparisons), there was a high degree of concordance (r ϭ 0.883) between data from the two methodologies (Fig. 4) .
Distribution of Expression Patterns Among the B31 Replicons.
The complex genomic makeup of Bb includes a linear chromosome and numerous circular and linear plasmids (lps; refs. 14 and 15); the extent and complexity of the plasmids suggest that they are of enormous importance to the biology of Bb (15) . There was nearly an equal distribution of the differentially expressed genes between the chromosome (n ϭ 78) and the 21 plasmids (n ϭ 72; Fig. 5 ). Seventeen plasmids demonstrated differential expression of their genes; unique genes were detected on lp56, lp54, lp38, lp36, and circular plasmid (cp)26, whereas only paralogous genes were detected on lp28-1, lp28-3, lp28-4, lp25, cp9, and all cp32 plasmids (Tables 3-5 ). Regulated genes were not detected on lp28-2, lp21, lp17, or lp5. The majority of the plasmid-encoded differentially expressed genes were on lp54, lp36, and the family Table 2 ) were compared at each of the three (UT, FT, and DMC) growth conditions. The dotted lines represent data within 2 SDs of regression (95% confidence). r, correlation coefficient. of cp32 plasmids. A number of these genes were up-regulated under the FT condition (Fig. 5) , once again suggesting that shifts in temperature, pH, and spirochete cell density likely are key sensory stimuli. Our data also imply that Bb genes on diverse replicons can be responsive as a group to a similar constellation of environmental signals. Although there are a number of possibilities to explain this collective responsiveness, regions of local DNA helicity among the diverse plasmids may be one plausible mechanism. For example, there is evidence that RpoS binding to DNA is affected adversely by negative supercoiling induced by GyrB (24) . Topoisomerase IV (ParE) can relax DNA in a replication-independent manner to counteract the effects of GyrB and environmental changes (25) , thereby facilitating the accessibility of RpoS to its docking sites. In our studies, parE was up-regulated under both the FT (3.3-fold) and DMC (2.4-fold) growth conditions (Tables 4 and 5 ). Thus, it is tempting to speculate that ParE activity may play an accessory role in the recently described Bb RpoN-RpoS pathway, wherein RpoN controls the expression of RpoS (8) . In support of the notion that ParE serves an accessory role in the RpoN-RpoS pathway, cluster analysis revealed that dbpA, ospC, and nine other plasmid-encoded genes clustered with parE (Fig. 7) .
lp25 has been closely associated with Bb infectivity (26-28). One lp25 gene, BBE16, a putative lipoprotein (15), was upregulated 2.9-fold when B31 was cultivated in DMCs (compared with the FT condition; Table 4 ). Upstream of BBE16 and separated by only 16 bp is BBE17, which also was up-regulated 2.6-fold when B31 was cultivated in DMCs. Given the presence of a putative promoter upstream of BBE17 but none for BBE16 (data not shown), BBE17 and BBE16 may be operonic; their up-regulation during mammalian host adaptation warrants further investigation into their putative roles in Bb virulence expression.
lp36 also has been implicated in virulence because of its tendency to be present in infectious clones of Bb (27) . This plasmid encodes a P35 homolog, BBK32 (15, 29) . BBK32 was up-regulated 28-fold under the FT condition and downregulated to near basal level in DMCs, consistent with previous observations that BBK32 is sharply up-regulated during the transmission of Bb into mammalian tissue but decreases to low levels by day 14 in mice (29) . Another lp36 gene, BBK17, believed to encode adenine deaminase (AdeC), was up-regulated 16-fold in the FT condition (Table 3) ; this was the only nonchromosomal gene implicated in intermediary (purine) metabolism that was differentially regulated. Thus, lp36 and specifically BBK17 may be vital not only in intermediary metabolism but also to some poorly understood aspect(s) of Bb virulence. lp54 encodes 76 genes including the ospAB and dbpBA operons. Consistent with the OspA͞C expression paradigm, ospA was down-regulated Ϸ12-fold from the UT condition when B31 was cultivated in DMCs (Table 5 ; real-time RT-PCR showed a 4-fold decrease; Table 2 ). These levels of ospA down-regulation were less than anticipated given the degree of OspA reduction in B31 cultured within DMCs (Fig. 1) . Although the explanation for the disparity between transcript and protein levels for OspA is unclear, one possibility is some form(s) of posttranscriptional regulation (30) . dbpA was up-regulated dramatically (47-fold) when B31 was cultivated at the FT (37°C) condition (Table 3) , which is consistent with the fact that dbpA is temperatureregulated (31, 32) . In contrast, the expression of dbpA was 15-fold lower in the DMC versus the FT growth condition; this result is in accord with previous observations that dbpA likely is down-regulated within days postmammalian infection (33) . In fact, the majority of plasmid genes up-regulated during the FT growth condition were subsequently down-regulated when spirochetes were cultivated in DMCs (Fig. 5) . Thus it is possible that parameters of early Bb transmission likely trigger a number of plasmid-encoded gene responses that are only transiently necessary (FT). Hence, as noted earlier (Figs. 3 III and 7) , both the tick (UT) and mammalian (DMCs) environments may largely represent more homeostatic phases in the life cycle of Bb.
Paralogous Families. Gene redundancy (numerous paralogous families) is a salient yet incompletely understood feature of Bb genetic organization (14, 15) . The paralogous families potentially complicate the interpretation of microarray data in at least two ways. First, whereas the primer pairs from Sigma-Genosys were intended to amplify specifically each gene of B31, some uncertainty regarding their actual specificities for the paralogous ORFs remained. To examine this uncertainty to some extent, sequencing of amplicons from 21 paralogous ORFs was performed. In every case, the primer pairs specifically amplified their respective genes (data not shown), suggesting that target specificity was engendered largely by the set of B31 primer pairs.
There was the added possibility of cross-hybridization among related gene family members, thereby masking true differential expression patterns for individual genes. Cross-hybridization could have been a limitation in our analyses, given that except in one case (family 161; Table 3 ), multiple genes of any given paralogous family were regulated similarly at a particular growth condition. However, of the 49 paralogous families in which a subset of member genes showed regulation, 30 families were represented by only a single gene (i.e., 19 families had more than one gene represented). Furthermore, among the 14 genes of the P35 family (family 54), although five members were differentially regulated similarly as a group, their ranges varied greatly [3-75-fold up-regulation during the FT condition (relative to the UT condition); 6-31-fold down-regulation in DMCs (relative to the FT condition) ( Tables 3-5) ]. Taken together, these data suggest that the arrays, at least to some degree, were capable of distinguishing expression level differences among members of the same paralogous family. Nonetheless, further experiments are warranted for a more precise analysis of differential regulation among paralogs.
Functional Classification of Differentially Expressed Genes. Differential responses of genes within putative functional classes were assessed according to B31 genome annotation (14, 15) . Given the small B31 genome size (Ϸ1.5 megabases) and the putative absence of many components of key metabolic pathways (14) , it perhaps is not inordinate that genes with essential functions, in general, tended not to show large adaptive changes (Tables 3-5) . A logical extension of this observation is that Bb optimally utilizes its limited housekeeping genes even during more static phases of growth. Cluster analysis supported this view in that the majority of the essential genes grouped within the two largest clusters represented by either constitutively high or low levels of gene expression across all conditions (data not shown).
Cultivation of Bb under the FT condition (37°C), where robust spirochete replication occurs, generally led to increased expression of genes associated with the cell envelope, protein synthesis, motility͞chemotaxis, transport͞binding proteins, and energy metabolism (Fig. 6) ; these included genes involved in the glycolytic and phosphoenolpyruvate͞carbohydrate phosphotransferase system pathways as well as others involved in central intermediary metabolism. Additionally, under both FT and DMC conditions, there were increases in the expression of the V-type ATPase operon (genes BB0090-6; ref. 14) likely responsible for proton efflux (proton motive force) across the cell membrane; such efforts to maintain membrane potential during the more robust periods (FT condition) of cell division are further suggestive that the UT condition represents a more static phase analogous to the restricted growth of Bb in UTs (21) .
Overall, B31 genes associated with cell division tended to be down-regulated in the FT and DMC growth conditions (Fig. 6) , an observation that seemingly was counterintuitive. However, this categorization may be misleading given that certain gene products serve to inhibit cell division. For example, during the UT growth condition, B31 replicated more slowly and displayed a morphology 2-3 times longer than when cultivated at the FT or DMC condition (data not shown). Of potential relevance to this phenotype was the increased expression of the minD ortholog ylxH-1 (BB0269), which was up-regulated 2.6-3.3-fold in the UT condition (relative to the FT and DMC growth conditions, respectively). In other bacteria, MinD is a cell-division inhibitor that, when overexpressed, leads to cell elongation (34) . Although the regulation of other cell-division genes may contribute to the elongated phenotype of B31 grown at room temperature, it is possible that YlxH-1 (MinD) restricts Bb replication until growth conditions become more favorable. Additionally, these more favorable conditions may induce celldivision enhancers that act either as proteases for or suppressors of cell-division inhibitors such as the HslVU dimer (35) or ChpAI (36), respectively. The B31 homologs of hslV (BB0296) and chpAI (BBA07) showed increased expression levels during the FT and DMC conditions (Tables 4 and 5 ), implying that inhibitory mechanisms for stasis in Bb (UT condition) are extant to impede cell division until appropriate growth stimuli (e.g., elevated temperature and͞or reduced pH) are encountered.
A number of genes have been associated with the maintenance of protein stability during periods of bacterial stasis or oxidative stress; among these genes is trxA, which encodes thioredoxin A (37). When B31 was cultivated at the suboptimal UT condition, trxA (BB0061) increased 2-and 3-fold relative to the FT and DMC growth conditions, respectively. In other bacteria, trxA is regulated by (p)ppGpp levels that in turn are governed via the activities of at least two enzymes, RelA and SpoT (37, 38) . RelA has not been noted yet in B31, but SpoT, which can have overlapping function with RelA (38), has been ascribed (BB0198; ref. 14) . At the UT growth condition, spoT expression was up-regulated 1.8-and 2.0-fold relative to the FT and DMC growth conditions, respectively. These data combined with the previously noted genes implicated in inhibition and derepression of cell division (ylxH-1, hslVU, and chpAI) suggest that the steady-state existence of Bb in UTs (21) may be likened to the bacterial stringent response induced by either limited nutrients or other stress conditions (38) . During a stringent response in Bb (i.e., in UTs), it is conceivable that there is (i) a conservation of energy that assists in cell viability and (ii) a state of cellular readiness that minimizes lags in responsiveness to new sensory information (signifying growth and transmission). Although this notion remains hypothetical with present knowledge, it is supported further by the observed up-regulation of Bb genes involved in energy metabolism, protein synthesis, and cellenvelope biogenesis during the FT growth condition (Fig. 6) .
With regard to the cell envelope serving as the principal interface with the host, 17 genes encoding envelope-associated proteins were up-regulated in B31 cultivated at the FT condition (cell envelopeother; Fig. 6 ). Among these were genes encoding the lipoproteins DbpA, DbpB, OspC, five members of the Erp family, and three members of the Mlp family. Except for OspC, these genes subsequently tended to be down-regulated when B31 was cultivated in DMCs, which is consistent with the notion that a more tempered gene response occurs as Bb adapts to the mammalian environment. Genes associated with cell-envelope biogenesis and transport͞ binding tended to be down-regulated by B31 cultivated in DMCs (compared with the FT condition), again suggesting a somewhat more controlled growth state perhaps representative of the paucibacillary nature of mammalian infection.
Genes associated with motility͞chemotaxis generally were upregulated during the FT growth condition (Fig. 6 ). More specifically, for both chemotaxis (che) operons of B31, 3 of 5 genes ( flaA, cheA-2, cheX; ref. 39 ) and 2 genes (cheW-2, cheA-1) of a second incompletely characterized operon (14, 40) were up-regulated in both the FT and DMC growth conditions. Accessory genes encoding methyl-accepting chemotaxis proteins (mcp4 and mcp5) also were up-regulated under the FT condition. Thus it was not surprising that the majority of these motility͞chemotaxis genes clustered with genes associated with mammalian host-transmission events (e.g., ospC and dbpA; Fig. 7 ). The combined data are consistent with the idea that motility and chemotaxis may foster Bb dissemination processes in both feeding ticks (midgut to salivary glands) and mammals (spread from dermal tissues) but are less important before transmission events (i.e., within UTs).
Evidence of adaptive changes in B31 regulatory genes was sparse in microarrays (Fig. 6 ). This in part may be a reflection that only a few homologs of bacterial regulatory proteins have been noted in B31 (14) . For example, there is no known heat-shock factor in B31 (14) even though a heat-shock response in Bb has been reported (41) . In this study, the heat-shock genes groES, dnaK-2, and hslV were up-regulated during the FT growth condition, suggesting the presence of the relevant regulator(s). However, groES, dnaK-2, and hslV clustered into three different groups (Fig. 7) , suggesting that they may be regulated by different networks. Another possibility for the apparent lack of regulatory gene involvement is that Bb may be able to exploit only relatively small changes in the expression of its regulatory genes to affect downstream targets. A third possibility may be analogous to the situation for rpoN, which is constitutively expressed and posttranscriptionally regulated (42) . Consistent with the notion of posttranscriptional regulation, the levels of rpoN mRNA did not vary in response to the diverse growth conditions. Additionally, in Bb, RpoN seems to regulate via a novel pathway the expression of rpoS (8) . However, we did not observe significant changes in rpoS mRNA levels under any growth condition, a finding that was surprising given that RpoS levels rise in response to elevated temperature and reduced pH (the FT condition; ref. 7) . The simplest explanation for this result is posttranscriptional regulation over RpoS, as has been noted in other bacteria (43) .
Genes Encoding Putative Signal Sequences. Globally, 46% of the differentially regulated genes of B31 were predicted to encode either signal peptidase I (n ϭ 25) or signal peptidase II (n ϭ 44) leader sequences. This proportion of putative signal peptideencoding, differentially regulated genes supports the contention that differential expression of the extracellular proteome is of paramount importance to Bb's adaptive response(s). Additionally, that 29% of the changing expression patterns represented putative lipoprotein genes likely underscores the dynamic interplay between lipoprotein expression and transitions in the life cycle of Bb.
Summary and Future Implications. The goal of this study was to examine globally the transcription profile of Bb and use the information as a basis for establishing new hypotheses regarding the molecular pathogenesis of Lyme disease. By using B31 growth conditions believed to simulate three key phases in the life cycle of Bb, several valuable insights were garnered. First, a substantial percentage of the differentially regulated genes theoretically encoded export signals, and thus they likely contribute to the extracellular proteome's involvement in host-parasite interactions during strategic Bb life cycle transitions. Second, although there has been general acceptance that Bb in UTs represents a form of spirochetal quiescence (21) , microarray data provided herein now implicate the bacterial stringent response (38) and factors that restrain cell division (34) (35) (36) during this Bb life cycle phase. Third, a large proportion of genes was responsive to the FT growth environment, wherein increased temperature and reduced pH were prominent environmental conditions analogous to those encountered in feeding ticks (7) . Fourth, many of the profound changes in gene expression induced during the FT growth condition were largely ameliorated as B31 adapted to the mammalian host, suggesting that once Bb gains entry and adapts to mammalian tissues, fewer differentially regulated genes are exploited for this phase of survival. Cluster analysis also supported that despite the disparity between the tick and mammalian hosts, Bb subjected to conditions analogous to those of UTs and mammalian tissues seemed to induce gene expression profiles more consistent with homeostatic mechanisms. Finally, the microarray data can be used as a guide to select genes encoding putative membrane proteins and lipoproteins that are differentially regulated during varying growth conditions; these will provide a framework for new avenues of investigation into the membrane biology of Bb. Taken together, the microarray data hold promise for formulating new testable hypotheses regarding the life cycle of Bb and attaining a more complete understanding of many aspects of Bb's complex parasitic strategies.
